High quality Pt Schottky contact to n-type ZnO was formed using KrF excimer laser. A pulsed laser irradiation of n-type ZnO in O 2 pressure of 0.1 Mtorr, prior to Pt metal deposition, considerably improved the rectifying characteristics. The Schottky barrier heights of 0.73 and 0.85 eV were obtained from the current-voltage ͑I-V͒ and capacitance-voltage ͑C-V͒ measurements, respectively. The cathodoluminescence and Auger electron spectroscopy results indicated that the improvement in rectifying characteristics can be attributed to a removal of surface carbon and hydrogen contaminants and a reduction of subsurface donorlike point defects by the KrF excimer laser irradiation.
ZnO has attractive characteristic features, such as a large band gap of 3.37 eV, low power threshold for optical pumping at room temperature, and highly efficient ultraviolet ͑UV͒ emission resulting from the large exciton binding energy of 60 meV at room temperature. Thus, ZnO has great potential for applications in light emitting diodes, laser diodes, UV photodetectors, and transparent thin film transistors. [1] [2] [3] [4] To realize the potential of high-performance ZnO-based optical and electronic devices, the formation of high quality metal electrodes is essential. Compared to Ohmic contacts, the formation of a high quality Schottky contact to n-type ZnO is more difficult to achieve due to the high donor concentration at the surface region caused by native defects, such as oxygen vacancies ͑V O ͒ and zinc interstitials ͑Zn i ͒. 5 It has been reported that several metal schemes, such as Au, Ag, Pd, and Pt, form Schottky barrier heights ͑SBHs͒ in the range of 0.6-0.8 eV. [6] [7] [8] [9] [10] These empirically measured SBHs, however, do not obey the Schottky-Mott model prediction, suggesting that there are non-negligible effects of the interface states, which originated from the presence of the defects and surface contaminants. 8, 10 In recent years, therefore, significant efforts have been devoted to the removal of the interfacial states between the metal and the ZnO in an effort to improve the characteristics of the Schottky contact to n-type ZnO, by introducing a variety of ZnO surface treatment methods, such as chemical preparation with concentrated acid, 6 organic solvent cleaning, 9 plasma or ozone treatment, 8, [11] [12] [13] and surface passivation using a chemical solution. 14, 15 For example, Neville and Mead 6 improved the Schottky contact on the n-type ZnO by etching the ZnO surface in a concentrated phosphoric acid for 15 min followed by etching in a concentrated HCl solution. Coppa et al. 8 reported the formation of a Au Schottky contact on ͑0001͒ ZnO surface after exposure to a remote O 2 /He ͑2:8͒ plasma for 30 min to show a low leakage current of ϳ36 nA at −4 V and SBH of 0.67 eV. More recently, surface passivation using ͑NH 4 ͒S x and H 2 O 2 solutions has produced high quality Pt Schottky contacts to n-type ZnO. 14, 15 Therefore, it would be desirable to introduce a nondestructive surface treatment process, with a short treatment time. In this study, the effect of surface treatment using a KrF pulsed excimer laser on the electrical characteristics of Pt Schottky contacts on a single crystal n-type ZnO ͑0001͒ was investigated. This study shows that the laser irradiation of a n-type ZnO surface in O 2 pressure of 0.1 Mtorr with an energy density of 180 mJ/ cm 2 can dramatically improve the electrical characteristics of Pt contacts compared with Pt contacts having no laser treatment.
The n-type ZnO samples used in this work were hydrothermally grown and oxygen-terminated ZnO ͑0001͒ substrates provided by CrysTec GmbH. Hall measurements showed that the free electron concentration was 1.8 ϫ 10 16 cm −3 and the Hall mobility was 120 cm 2 / V s at room temperature. Prior to both the laser irradiation and the metal deposition, the surfaces of the ZnO samples were ultrasonically degreased by immersion in a trichloroethylene, acetone, and methanol solution, then rinsed with de-ionized water for 5 min in each step ͑referred to here as "conventionally cleaned"͒. For the laser-treated samples, the ZnO surface was first conventionally cleaned and then pulsed laser treated ͑re-ferred to here as "PLATed"͒ using a homogenized KrF pulsed excimer laser. The 248 nm excimer laser has a pulse duration of 25 ns with an energy density of 170-200 mJ/ cm 2 , as measured by an energy power meter. The ZnO samples were exposed to the laser for 5 min at a repetition rate of 5 Hz in O 2 ambient of 0.1 Mtorr. The effective exposure time to the laser beam was 3.75ϫ 10 −5 s. A 10ϫ 10 array of Pt Schottky diodes with a 50 nm thick Pt film and a pattern diameter of 100 m were fabricated on the conventionally cleaned and PLATed ZnO samples by electron beam evaporation of Pt through mechanical masks. Nonalloyed Ti/ Au Ohmic contacts were formed on the back side ͑Zn terminated͒ of the samples using an excimer laser irradiation treatment. They showed a linear current-voltage ͑I-V͒ behavior. A specific contact resistance of 3.5 ϫ 10 −3 ⍀ cm 2 was obtained by using a circular transmission line method. 16 The detailed information of the formation of nonalloyed Ti/ Au Ohmic contact to the n-type ZnO is described elsewhere. 17 The electrical properties of the Pt Schottky diodes were characterized by a parameter analyzer ͑HP 4155A͒ with a precision LCR meter ͑HP 4284A͒. Cathodoluminescence ͑CL͒ spectra ͑MonoCL from Gatan͒ were measured at room temperature by using field-emission scanning electron microscopy ͑Hitach S-4700͒. An Augerelectron spectrometer ͑AES͒ ͑PHI 670 model͒ with an electron beam energy of 10 keV and a beam current of 0.0236 A was used to investigate the chemical composition at the interface of the metal and ZnO.
The I-V characteristics of Pt contacts to the n-type ZnO ͑0001͒ surface before and after the laser irradiation are shown in Fig. 1 . The Pt contact to the conventionally cleaned ZnO shows significant leakage current ͑3.52ϫ 10 −5 A at −5 V͒. On the other hand, when the samples were laser treated, the rectifying characteristic was significantly improved, as shown in the inset in Fig. 1 . The leakage current for the PLATed sample was 7.23ϫ 10 −10 A at −5 V. Forward currents at 5 V were 2.39ϫ 10 −4 and 1.82ϫ 10 −4 A for the conventionally cleaned and PLATed samples, respectively. The rectification factors, the ratio of forward to reverse current measured at −5 and 5 V, were significantly increased from 6.78 for the conventionally cleaned sample to 2.51 ϫ 10 5 for the PLATed sample. The SBHs and ideality factors for the PLATed samples were determined from the I-V characteristics. In the thermionic emission theory, the forward I-V characteristics for V Ͼ 3kT / q was given as
where I s is the saturation current, R s the series resistance, k the Boltzmann constant, T the absolute temperature, n the ideality factor, A the diode area, A ** the effective Richardson constant ͑32 A/cm 2 K 2 at m * Ϸ 0.27m o ͒, 18 and B 0 the zerobiased Schottky barrier height. The Schottky contact area of samples for this study was 7.85ϫ 10 −5 cm 2 . By fitting the forward I-V curve ͑0.1Ͻ V f Ͻ 0.3͒, the barrier height and ideality factor were determined to be 0.73 eV and 1.77, respectively.
For comparison, the C-V characteristic was also evaluated to obtain the SBHs. Figure 2 shows a plot of 1 / C 2 -V curve obtained using C-V data. The C-V relationship for a Schottky barrier
where is the permeability ͑ ZnO =9 0 ͒, N D is the carrier concentration, and N C = 4.98ϫ 10 18 cm −3 is based on N C =2͑2m n * kT / h 2 ͒ 3/2 . From the measurement plots of 1 / C 2 vs V, SBHs were calculated to be 0.55 and 0.85 eV for conventionally cleaned and PLATed samples, respectively. The difference in SBHs between I-V and C-V characteristics and the discrepancy of the measured SBHs from the values theoretically predicted by the Schottky-Mott model can be attributed to the presence of interfacial defect states. 8, 10 To investigate the variation of the surface states after an excimer laser irradiation, CL spectra of the conventionally cleaned and PLATed samples were obtained, as shown in Fig. 3 . Both samples exhibit near-band emission of ϳ3.28 eV ͑377 nm͒. We found that the intensity of the broad green emission peaks ͑ϳ2.2 eV͒ decreased after the laser irradiation, while the intensity of the narrow UV emission peaks ͑near band͒ slightly increased, as shown in the inset of Fig. 3 . It has been reported that such broad deep-level emission is closely related to the intrinsic defects, 19 such as Zn i , V O , and zinc antisite ͑O Zn ͒, which are believed to act as donor defects. 20 The depth of electron-hole pair creation in ZnO for CL emission was estimated to be 380 nm by using Monte Carlo simulation 21 with the incident electron beam 3 . ͑Color online͒ Room-temperature CL spectra taken from the ZnO samples before and after pulsed laser treatment.
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energy of 10 keV and the ZnO film density of 5.52 g / cm 2 , as measured by x-ray reflectometry analysis. Therefore, the CL results indicate that the laser treatment under the high O 2 pressure is highly effective in reducing the subsurface deeplevel defects, which is similar to remote oxygen plasma treatements. 22 The deep-level defects seem to be removed by the reaction of the oxygen-deficient ZnO surface with oxygen radicals generated by laser irradiation on the surface in the O 2 ambient of 0.1 Mtorr, by filling vacancies ͑V O +1/2O 2 =O O ͒ or forming ZnO ͑Zn i +1/2O 2 = ZnO͒. 23 Thus, the net carrier concentration near the surface region of the PLATed sample would be decreased, resulting in the formation of good Schottky contacts.
Interfacial reactions between the Pt and ZnO layers were examined by AES depth profiles, as shown in Fig. 4 . For the conventionally cleaned sample ͓Fig. 4͑a͔͒, an intense C peak was observed at the Pt/ ZnO interface, indicating that the ZnO surface was contaminated with C-related species. However, the intensity of the C peak was drastically decreased when the samples were laser treated, indicating that C-related contaminants were effectively removed from the ZnO surface, as shown in Fig. 4͑b͒ . The average atomic concentration of carbon elements at the Pt/ ZnO interface decreased from 8.4 to 1.3 at. % and that of oxygen element increased from 16.3 to 21.4 at. % as a result of the pulsed laser irradiation, while those of Zn and Pt were not changed. This is in good agreement with the decrease of the oxygen deficiency-related deep-level emission peak on the CL spectra, as shown in Fig. 3 .
The photon energy of the KrF excimer laser ͑479.6 kJ/ mol͒ is sufficiently high to break the chemical bonds, e.g., C-H ͑338.4 kJ/ mol͒ and H-O ͑429.9 kJ/ mol͒, 24 which are often observed on the surface region. Therefore, it is believed that the carbon-and hydrogen-related contaminants are photodecomposed by the pulsed laser irradiation. The main effect of the laser treatment in the high O 2 pressure of 0.1 Mtorr could be the photodesorption of carbon-and hydrogen-related contaminants through conversion to volatile CO 2 and H 2 O products, which have low formation enthalpies of −394 and −242 kJ/ mol, respectively. 24 In other words, an elimination of surface carbon-and hydrogenrelated contaminants as well as subsurface hydrogen and oxygen vacancy-related point defects reduced not only the defect-assisted tunneling of electrons but also the net carrier concentration at the Pt/ ZnO interface leading to the widening of the depletion region and, hence an increase of SBHs.
In summary, we investigated the effect of a KrF pulsed excimer laser irradiation on the electrical characteristics of Pt Schottky contacts to n-type ZnO. The I-V and C-V measurements of the PLATed samples showed good Schottky characteristics with SBHs of 0.73 and 0.85 eV, respectively. The formation of good Pt Schottky contact to n-type ZnO with a laser irradiation in O 2 pressure of 0.1 Mtorr could be attributed to the reduction of donorlike deep-level defects ͑V O , Zn i , and/or O Zn ͒ via the reactions with oxygen radicals produced by laser irradiation and the effective removal of surface carbon and hydrogen contaminants through a photoinduced desorption process. The decrease of the donorlike point defects seems to reduce the defect-assisted tunneling of electrons and widen the depletion region at the metal/ZnO interface to increase the SBHs. These results indicate that pulsed laser irradiation of n-type ZnO under high O 2 pressure is a promising method for the reduction of the n-type ZnO surface states, with an attendant increase in SBHs.
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